introduced as a precursor for radiolabelling of biomolecules by Alberto et al. [28] . There are several advantages of using [ 99m Tc]Tc(CO) 3 to radiolabel biomolecules-easy preparation [29] , easy substitution of its ligands in water media [30] , smaller size [31] and inertness [32] . Considerable progress in recent years on [ 99m Tc]Tc(CO) 3 -radiolabelled bio-targeting molecular probes have been made, for example, technetium tricarbonyl radiolabelled NODAGA (1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic) (figure 1) somatostatin receptor-targeting bioconjugate, in which NODAGA is also a popular ligand for Gallium-68 [33] [34] [35] [36] . To our knowledge, HBED-CC complexes of [ 99m Tc]Tc(CO) 3 have not been reported previously. Based on the current research results of HBED-CC-based Gallium-68 PET imaging agents, it would be interesting to use this readily available chelating ligand [18] [19] [20] [21] to develop novel 99m Tc-radiopharmaceuticals. Accordingly, we have investigated the feasibility of using HBED-CC ligands for complexing with [ 99m Tc][Tc(CO) 3 (H 2 O) 3 
] + .
Due to the fact that 99 Tc is a radioactive metal, there is no easy approach to establish the chemical structures of chelation between [ 99m Tc][Tc(CO) 3 (H 2 O) 3 ] + L 1 and L 2 (figure 2) in solution. Since [ 99m Tc]Tc(CO) 3 HBED-CC complexes are prepared in a high specific activity state and the chemical amount is in sub-nanomole quantity, which is amenable for regular chemical characterization. The chemical characterization of [ 99m Tc][Tc(CO) 3 (H 2 O) 3 ] + L 1 and L 2 was performed with [Re(CO) 3 (H 2 O) 3 ] + L 1 and L 2 instead (Re is a non-radioactive surrogate of technetium-99m) [33] . However, structures of L 1 and L 2 have multiple flexible carboxylic acid chains and it is difficult to obtain the crystal structures of Re(CO) 3 L 1 /L 2 . The possible coordination structures of [ 99m Tc]Tc(CO) 3 L 1 /L 2 were first determined by computational methods using DFT.
In recent years, many examples have been reported on using DFT, natural bond orbital (NBO) theory [37] in the evaluation and analysis of radiometal radiolabelled radiopharmaceuticals. It provides a theoretical method to calculate the interaction energies of the complexation of the metal core and the ligand [38] [39] [40] . This method might play a significant role in guiding the structural optimization of radiopharmaceuticals. Skelton et al. reported a series of theoretical studies on the formation of metal-NOTA complexes of Cu 2+ , Ga 3+ , Sc 3+ and In 3+ . The chelation interaction energies in solution, short-range interatomic distances, NBO, chemical shifts and DFT-based reactivity-related properties revealed a significant level of interaction between NOTA and radiometal ions [41] . In addition, our research group has also evaluated related transition state of technetium-99m radiolabelled compounds in radiolabelling process by DFT previously, so it was sufficient theoretical basis in applying this method for studying [ 99m Tc]Tc(CO) 3 L 1 /L 2 [42] .
Reported herein are the results of evaluation of chelation between [ 99m Tc][Tc(CO) 3 (H 2 O) 3 ] + L 1 and L 2 , optimization of radiosynthesis parameters to obtain radiolabelled products with high radiochemical purity and the theoretical calculation using DFT for predicting the chemical structures in solution, and the results will be compared with radio-HPLC chromatograms of [ 99m Tc]Tc(CO) 3 L 1 /L 2 to predict the isomer formation. 2. Material and methods
Materials
Chemicals were purchased from commercial sources and used without further purification. Analytical grade solvents were used without further purification, unless otherwise specified. 99 Mo/ 99m Tc generator was obtained from the China Institute of Atomic Energy (CIAE, Beijing, China). HPLC analysis was performed on a Shimadzu LC-20AT 230 V absorbance dual λ detector (Milford, MA, USA) with a reversed-phase column Phenomenex luna C18 250 × 4.6 mm. HRMS was performed on AB Sciex 5600 Plus. 1 H NMR spectra were recorded on a Bruker Avance spectrometer at 400 or 600 MHz. IR spectra were recorded as KBr pellets on an IRAffinity-1 Fourier transform infrared spectrometer in the region of 4000-500 cm −1 . Radioactivity was counted on a Cobra II autogamma counter (Perkin Elmer).
Computational methods
All the calculations in this study were performed under the Gaussian 09 program package [43] . Geometry structures of reactants were optimized using the Becke-3-Lee-Yang-Parr [44] , in conjunction with the DGDZVP basis set [45] . All the optimized stationary points have been identified as minima (zero imaginary frequencies) via the vibrational analyses at the same level. The solvent (water) effect was considered by the polarized continuum model (PCM) [46] using our defined IDSCRF radii [47, 48] . The Gibbs free energies were corrected by our THERMO program [49] at 368.15 K. The single-point enthalpies and energies calculations with dispersion interaction effects were proposed as B3LYP-D3 [50, 51] with SMD [52] solvent model shown in support information.
Synthesis of chelators and Re-complexes
The synthesis of L 1 , L 2 and Re-complexes were shown in figure 3. The synthetic route from a to e was similar to previous methods reported [53] .
Di-tert-butyl 2,2'-(ethane-1,2-diylbis((2-hydroxy-5- Synthesis of Re(CO) 3 L 1 /L 2 . A solution of pentacarbonylrhenium bromide (80 mg, 0.2 mmol) in 10 ml water was refluxed at 105°C for 24 h. L 1 /L 2 (20/30 mg, 0.038 mmol) was then added to above reaction solution (2 ml) containing Re(CO) 3 (H 2 O) 3 Br intermediate. The mixture was acidified with 0.1 N HCl till pH = 5 and heated at 95°C for 3 h. The reaction solution was loaded onto an Oasis HLB SPE cartridge (6 cc, 150 mg, conditioned with 10 ml of ethanol followed by 10 ml of H 2 O), which was then washed with 30 ml H 2 O. The product was eluted with 2 ml methanol and the solvent was evaporated to dryness. The remaining solid was washed with acetonitrile (2 × 2 ml) and a white powder was obtained (yield: 23.1%) Re(CO) 3 
Preparation of [ 99m Tc][Tc(CO) 3 (H 2 O) 3 ] + precursor
Na 2 CO 3 (4.0 mg), NaBH 4 (5.6 mg) and potassium sodium tartrate (20.0 mg) were dissolved in 1 ml saline and the solution was purged with CO for 15 min. [ 99m Tc]NaTcO 4 (370 MBq) in 1 ml saline was then added and the mixture was stirred at 80°C for 30 min. After cooling to room temperature, the solution was acidified with 0.05 mol l −1 HCl until pH = 7-8. The RCP was determined using radio-HPLC and radio-TLC. The radio-TLC was performed on a polyamide strip and developed with acetonitrile. Radio-TLC results showed [ 99m Tc][Tc(CO) 3 In total, 740 kBq of [ 99m Tc]Tc(CO) 3 L 2 was added to a solution of L-histidine or L-cysteine (500 µl, 1.0 mM) in PBS (10 mM, pH 7.4). The mixtures were incubated at 37°C for 6 h. Aliquots were analysed by radio-HPLC at 2, 4 and 6 h to determine the radiochemical purity.
Partition coefficient (log D OW ) of [ 99m Tc]Tc(CO) 3 L 2
One hundred microlitres of [ 99m Tc]Tc(CO) 3 L 2 (7.4 MBq) was added to a mixture of PBS ( pH = 7.4): n-octanol (1:1 v/v, 1.9 ml) and the mixture was shaken vigorously for 5 min at room temperature. The two layers were separated and the radioactivity associated with 100 µl aliquots of each layer was counted on a Cobra II autogamma counter (Perkin Elmer). The experiment was performed using three separate samples.
Electrophoresis experiments
PBS ( pH = 7.4) was added to the electrophoresis tank. The voltage was set to 150 V. Xinhua No. 1 paper was cut to about 15 cm, placed in the electrophoresis tank and the strips immersed in PBS on both sides. The PBS gradually wet the paper strip, and the radiotracer liquid was spotted on the central position by a capillary tube when the front edge of the two liquids was about to coincide. It was placed for 15 min, and the paper strip removed. The point was taken as a centre, 5 mm to the left and right taken as centre. The counts of the positive electrode, the centre and the negative electrode, respectively, were measured. 3. Results and discussion
Synthesis of chelators and Re-complexes
Model chelator L 2 was synthesized by reacting 2-(2-nitro-1H-imidazol-1-yl)ethan-1-amine with L 2 (tBu) 2 , followed by deprotection to remove the tert-butyl groups. L 1 was synthesized directly by treating protected HBED-CC(tBu) 2 with TFA. L 1 and L 2 were characterized by LC-ESI-MS and 1 H NMR. Re(CO) 3 L 1 and Re(CO) 3 L 2 were synthesized by reacting the [Re(OH 2 ) 3 (CO) 3 ]Br precursor with L 1 and L 2 . HRMS showed the expected molecular ion mass, while the peak patterns matched the theoretical isotope distribution (shown in electronic supplementary material, figures S1 and S2). For Re(CO) 3 L 2 , two tight split peaks were found in UV-HPLC analysis (figure 4e). But for Re(CO) 3 L 1 , multiple peaks were found. The tricarbonyl rhenium displayed strong coordination ability with N and O atoms, while the unsubstituted HBED-CC showed a plurality of sites for coordination of tricarbonyl rhenium. Therefore, we conclude that there might be multiple binding isomers in Re(CO) 3 L 1 . Infrared spectra of Re(CO) 3 L 2 revealed the typical very strong stretching bands of facially coordinated CO at 2021 cm −1 . It also showed strong absorptions at 1891 and 1638 cm −1 attributed to the C=O stretch of the free carboxylate groups and nitroimidazole (shown in electronic supplementary material, figure S3 ). 3 ] + was more than 98% (figure 4b) and it was used in the following experiments directly. Comparisons of formation of [ 99m Tc]Tc(CO) 3 L 1 /L 2 using different reaction conditions were performed (figure 5), between pH 4 and 10, at different reaction temperatures, between 20°C and 100°C, precursor concentration between 0.05 and 1.00 mM). It was found that the RCY for [ 99m Tc]Tc(CO) 3 L 2 was significantly reduced when the pH value was low (pH < 5). This might be due to insufficient ionization of the carboxylic acid under strong acidic conditions and the partial protonation of N atom, which inhibited the formation of coordination covalent bonds. In addition, under heating conditions, the stability of [ 99m Tc][Tc(CO) 3 (H 2 O) 3 ] + precursor is poor, especially when pH > 7, which may also suppress the complexation reaction. The effect of the reaction temperature was measured using the optimal radiolabelling parameters described above (pH = 5, precursor concentration is 0.5 mM). Radiolabelling efficiency improved with increasing temperatures and pure product (RCP > 95%) can be obtained at 95-100°C. When [ 99m Tc]Tc(CO) 3 L 2 and Re(CO) 3 L 2 were co-injected in HPLC, the radioactivity (13.9 min) and UV peak (13.8 min) (figure 4d,e) showed similar peak shape and retention time, which provided strong evidence for confirmation. A small delay in retention time on HPLC between UV and radioactivity signal was due to a sequential connection of the detectors. 
Structural analysis of Tc(CO) 3 L 1 /L 2 by DFT
The structure of L 1 and L 2 has multiple flexible carboxylic acid chains and it is difficult to obtain the crystal structures of Re(CO) 3 L 1 /L 2 . In order to further confirm the coordination structures of the complexes in solution, in this study, DFT was used to calculate the interaction energies of the possible structures of Tc(CO) 3 L 1 /L 2 . For [ 99m Tc]Tc(CO) 3 L 1 , four components were found in radio-HPLC chromatogram. Each retention time corresponds to a possible structure. We speculated that there are bonding isomers in the radiolabelling products. To further elucidate the possible structures, several possible structures of Tc(CO) 3 L 1 were calculated by B3LYP + IDSCRF/DGDZVP method. According to the energies calculated by DFT, the chelation interaction energies (ΔG) of the complex reaction were calculated using the following formula:
Among numbers of possible coordination modes of Tc(CO) 3 L 1 , five relatively stable structures were found and the corresponding chelation interaction energies are given in order of the chelation interaction free energies for these five structures, and the obtained results are −22.9, −19.8, −7.5, 0.9 and 10.2 kcal mol −1 (table 1), respectively. The order of the interaction energies for these structures is the same trend with those of interaction free energies, as stated in electronic supplementary material. Their corresponding structures are shown in figure 6 , and the optimized coordinates of each structure were shown in electronic supplementary material. This can explain why [ 99m Tc]Tc(CO) 3 L 1 has several peaks in radio-HPLC chromatogram. The highest peak P1 in figure 4c might come from isomer a1 and other peaks might originate from isomers a2, a3 and a4. This proves that the most stable coordination mode of Tc(CO) 3 L 1 in solution is N, N, O-4. This is consistent with the result in the published paper that N preferentially participates in the coordination of technetium-99m [36] . The peaks are split to P1 and P2; these two adjacent peaks may be two bonding isomers, but may also be caused by different conformations of the same coordination mode. The part about conformational isomers will be discussed in detail in structural analysis of Tc(CO) 3 L 2 .
For Tc(CO) 3 L 2 , since the carboxylic acid (C-7) at both ends of HBED-CC is protected, the complex does not have as many possible structures as Tc(CO) 3 L 1 . After DFT calculation, it was found that N, N, O-4 is the only stable coordination mode. However, there are three relatively stable conformations in this coordination mode (b1, b2 and b3), which are shown in figure 6 . The chelation interaction free energies (ΔG) for these three conformations are −19.1, −15.0 and −11.8 kcal mol −1 (without dispersion correction in table 1), and −29.9, −24.8 and −22.3 kcal mol −1 (with dispersion correction in table 1). The results may explain why splitting peaks appear in the HPLC chromatogram of [ 99m Tc]Tc(CO) 3 L 2 , which correspond to two different conformations, respectively. The highest peak P5 in figure 4d might Table 1 . Several possible coordination modes and chelation interaction energies calculated by B3LYP + IDSCRF/DGDZVP method at SMD solvent model for Tc(CO) 3 L 1 (denoted with a) and Tc(CO) 3 L 2 complexes (denoted with b) expressed in the form of ΔG (Gibbs free energies). 
Analysis of frontier molecular orbital theory and natural bond orbital
The calculated HOMO-LUMO energies and ΔE LUMO−HOMO gaps for the above four relatively stable structures of Tc(CO) 3 L 1 were shown in table 2, from which one can realize that the decreasing order of HOMO-LUMO gaps for a1, a2, a3 and a4 have been found. Such order is in reverse proportion to the stabilities of a1, a2, a3 and a4. NBO calculation will give the relatively accurate atomic charge and thus the charge transfer amount among the different fragments of the complexes was known in 
Conclusion
In this study, we reported the first example of the formation of technetium tricarbonyl complexes with HBED-CC(L 1 ) and HBED-CC-NI(L 2 ). After optimization of reaction parameters, including pH value, temperature and precursor concentration, [ 99m Tc]Tc(CO) 3 L 1 and [ 99m Tc]Tc(CO) 3 L 2 were accomplished (RCP > 95%) and showed high stability in vitro. Re(CO) 3 L 1 /L 2 were synthesized and characterized spectroscopically as standards to validate the radiolabelled compounds. A component analysis of the radio-HPLC chromatograms of the two radiolabelled compounds and the perspective of computational chemistry by DFT suggested that they are consistent. The theoretical calculation predicted that the peaks of the four components in the radio-HPLC chromatograms of [ 99m Tc]Tc(CO) 3 L 1 were probably due to the presence of Before the coordination, the charge of L 1 /L 2 is −1. bonding isomers in solution. For [ 99m Tc]Tc(CO) 3 L 2 , there was only one stable coordination mode, but two conformations with similar chelation interaction energies were found. This finding was consistent with peaks observed by HPLC chromatograms of [ 99m Tc]Tc(CO) 3 L 2 and Re(CO) 3 L 2 . Chelation interaction energies in solution, sum of natural atomic charge (NAC), HOMO/LUMO energies and ΔE LUMO-HOMO gap revealed a significant level of interaction between tricarbonyl technetium core and L 1 /L 2 . In summary, the complex structure of [ 99m Tc]Tc(CO) 3 L 1 was evaluated and isomers in solution were probably formed. However, the most stable coordination mode N, N, O-4 calculated by FDT calculation was consistent with the conclusion in the published paper with nitrogen atoms preferentially participated in the coordination of technetium-99m tricarbonyl core. When two carboxylic acid arms at both ends of HBED-CC (C-7) are substituted (such as targeting groups), the complex has only one stable coordinated complex (N, N, O-4 ). For [ 99m Tc]Tc(CO) 3 -HBED-based complexes, coordination mode of N, N, O-4 was preferred. This approach might have great significance for the future development of 99m Tc-radiopharmaceuticals.
